Streptomyces spp. are soil bacteria, well known for their ability to produce antibiotics and exocellular enzymes (16) . Arginine itself, the intermediates of the arginine-biosynthetic pathway (e.g., ornithine), and the products of arginine catabolism (e.g., the carbamoyl group of citruline or the guanidino group of arginine) are structural components of several antibiotics produced by actinomycetes (15) , such as clavulanic acid (23) , streptomycin (28) , streptothricin F (17) , bluensomycin (28) , and mitomycin (11) .
In prokaryotes, arginine is synthesized from glutamate in eight enzymatic steps (4) . Glutamate, activated in the form of N-acetylglutamyl-phosphate, is reduced to N-acetylglutamic semialdehyde by N-acetylglutamyl-phosphate reductase (AGPR) (EC 1.2.1.38), encoded by the argC gene (Fig. 1) . The N-acetylglutamic semialdehyde is converted to N-acetylornithine by a transaminase (encoded by argD). The next step, which gives rise to ornithine, follows two alternative pathways, differing in the presence or absence of a recycling pathway for the acetyl residue of N-acetylornithine. These steps are mediated respectively by N-acetylornithinase (EC 3.1.5.16), encoded by the argE gene, and ornithine acetyltransferase (EC 2.3.1.35), an enzyme encoded by the argJ gene.
In different organisms, arginine-biosynthetic genes are clustered (3, 18) or scattered throughout the chromosome (21) , and their coordinate expression is achieved through transcriptional control mediated by the arginine repressor (4, 26) .
In Streptomyces spp., the organization and regulation of the arginine pathway are not known. It was therefore of interest to study the organization of the arg genes in Streptomyces clavuligerus, a strain producing the arginine-or ornithine-derived antibiotic clavulanic acid. In this work, we * Corresponding author.
report the cloning and characterization of the argC gene from S. clavuligerus.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The Escherichia coli and Streptomyces strains used in this work are described in Table 1 . The plasmids used are indicated in Table 1 and Fig. 2 . E. coli transformation, plasmid isolation, and DNA manipulations were carried out by standard procedures (25) . The transformation and genetic techniques for Streptomyces spp. were those described by Hopwood et al. (10) .
S. clavuligerus NRRL 3585 was grown in GSPG medium, which supports good clavulanic acid production, as described by Romero et al. (22) . To assay AGPR, Streptomyces strains were grown in YEME medium (10) containing thiostrepton (10 ,ug/ml) when required; a 5-ml sample of this culture was used as an inoculum for 50 ml of minimal medium (MM) containing (in grams per liter): L-asparagine, 0.5; K2PO4H, 0.5; MgSO4. 7H20, 0.2; FeSO4-7H20, 0.01; and glucose, 10 (sterilized separately in an autoclave). Enzyme assays and antibiotic bioassays. Cells were disrupted by sonication and centrifuged at 15,000 x g for 15 min in a refrigerated centrifuge (RC-5B Sorwall). AGPR activity (reverse reaction) was measured in cell extracts by spectrophotometric determination at 340 nm of the formation of NADPH2 during the coupled enzymatic assay of N-acetylornithine aminotransferase and AGPR (7) . A dialyzed cell extract of E. coli P04MN42 was used as a source of the N-acetylornithine aminotransferase. The reaction mixture contained 2.2 ml of 50 mM Tris-HCl buffer (pH 7.5), 0. Sau3A fragments containing the argC gene are shown in Fig.  2 . Restriction mapping of the 6.2-kb insert present in pULML38 and hybridization with the 1.7-kb HindIII-SstI DNA fragment of pULML32 as the probe indicated that pULML38 contains the entire insert of pULML30.
The argE gene of S. clavuligerus is linked to the argC gene. The 6.2-kb insert of pULML38, when subcloned into pUC19 to give pULML41, complemented both E. coli XC33 (argC) and E. coli XS1D2 (argE) (Fig. 2) , suggesting that it may contain both the argC and argE genes of S. clavuligerus, the latter encoding N-acetylornithinase, which catalyzes the fifth step of the arginine-biosynthetic pathway. Positive hybridization of a 0.4-kb DNA fragment internal to the argE gene from Streptomyces coelicolor (kindly provided by S. Baumberg) with a 1.5-kb BglII-SphI DNA fragment of pULML41 (the BglII site derives from the pUC19 polylinker) confirmed that the argE gene is located downstream of argC in the S. clavuligerus genome. The argE probe of S. coelicolor also hybridized with the 0.9-kb SphI-Sau3A fragment of pULML31 (data not shown). Attempts to complement E. coli XB25, an argB auxotroph, with the 6.2-kb DNA fragment that carried the argC and argE genes were unsuccessful, suggesting that the argB gene of S. clavuligerus is not located in the cloned fragment (see Discussion). activity was found in the prototrophic strain S. lividans JI66 and in S. lividans JI66 transformed with pIJ699 (Fig. 3A) . However, pULML30 transformants of S. lividans showed a high level of activity in cell extracts of both S. lividans JI66(pULML30) and S. lividans 1674(pULML30) (Fig. 3A and B). Expression in S. lividans of the argC gene from E. coli (present in pULML10) resulted in levels of AGPR similar to those produced by the argC gene of S. clavuligerus present in pULML38 (Fig. 3B) .
The AGPR activity was not inhibited in vitro when 1 mM arginine or ornithine was added to the assay mix. However, a clear decrease (about 50%) in AGPR activity was found when S. lividans 1674(pULML30) was grown in the presence of 25 mM arginine (Fig. 3C ).
Nucleotide and deduced amino acid sequences. The strategy for sequencing 1.7 kb of the S. clavuligerus DNA fragment present in pULML31 is indicated in Fig. 2 
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Transcription initiation and regulatory motifs upstream and downstream of the argC gene. High-resolution Si nuclease mapping with a 480-bp MboI DNA fragment as the probe showed a protected DNA fragment of approximately 256 to 258 nt (Fig. 6 ), corresponding to a transcriptional start point at positions 49 to 51 of the nucleotide sequence shown in Fig.  4 . A putative -10 (ACCGGT) site starting 7 nt upstream of the G at position +1 (51 in Fig. 4 ) and a -35 (TGACGCC) site are present upstream of the transcription initiation site (Fig. 4) . Six base pairs upstream from the ATG initiation codon, a consensus GGAGGA Shine-Dalgarno sequence for ribosome binding was found. In the region between the transcription initiation point and the Shine-Dalgarno box, an AT-rich sequence, TIGATAAAGTGCAGTGATTTGTATA GTCA, strongly resembling the arginine regulatory box of E. coli and B. subtilis arginine-regulated genes, was found (26 plemented to prototrophy, which indicates that this particular strain is an argC auxotroph. S. clavuligerus 328 transformed with pULML30 produced higher levels of clavulanic acid in GSPG medium than the untransformed strain (Fig. 7) . Since this strain is an argC auxotroph, the results indicate that an adequate flow of intermediates from the arginine-biosynthetic pathway is required for clavulanic acid biosynthesis, which confirms previous observations that the intermediates of this pathway act as precursors of clavulanic acid (23) .
DISCUSSION
Knowledge of the biosynthetic steps and regulatory mechanisms involved in the arginine pathway in actinomycetes would be very useful because ornithine and arginine are precursors of many secondary metabolites (15) . The arg genes are organized in one or several clusters in different organisms (3, 18) , although in Pseudomonas aeruginosa (8) and Neisseria gonorrhoeae (21), they have been reported to be scattered throughout the chromosome. The gene order in B. subtilis is argC-argA-argE-argB-argD-cpa-argF (18), whereas in E. coli a single cluster, argECBH, exists, and the rest of the genes are scattered (4). The organization in S. clavuligerus, in which argE (encoding N-acetylornithinase) is linked to argC (which encodes AGPR), seems to be identical to that in S. coelicolor, in which the cluster has been reported to include the argC(EIJ)B genes (19) . It is not known whether the argE of Streptomyces spp. also contains ornithine acetyltransferase activity (argJ). No other genes of the arginine cluster seem to be present in the cloned 6.2-kb Sau3A DNA fragment of S. clavuligerus, since this fragment did not complement argB mutants, which suggests that the argB of S. clavuligerus is probably not included in the 6.2-kb fragment that carries the argCE cluster. However, we cannot exclude the possibility that the argB gene is present but not expressed in E. coli.
The argC gene of E. coli complements the argC mutation of S. lividans 1674 and is efficiently expressed in liquid cultures of S. lividans 1674(pULML10), resulting in high levels of AGPR (Fig. 2B) . Similarly, the argC gene of S. clavuligerus complements the argC auxotrophy of E. coli XC33. This indicates that the promoter of the argC gene belongs to the group of SEP (Streptomyces-E. coli-like) promoters (12, 16) .
The argC promoter of S. clavuligerus (Fig. 4) (6) . It is also similar in size to glyceraldehyde 3-phosphate dehydrogenase and aspartate semialdehyde dehydrogenase. There is a striking similarity between the first steps of the arginine, lysine, and proline pathways. '-Glutamyl-phosphate reductase (encoded by the proA gene) and aspartylphosphate reductase (encoded by the asd gene) are very similar to AGPR and also to 3-phosphoglycerol-phosphate reductase (also called glyceraldehyde-3-phosphate dehydrogenase), encoded by the gap gene (Fig. 8) . Although the overall similarity of these enzymes is low (20) , a cysteine residue which is involved in the reaction mechanisms of both glyceraldehyde-3-phosphate dehydrogenase and aspartylphosphate reductase (9, 24 ) is conserved at a similar position in the AGPR (position 148 in Fig. 5 ) of S. clavuligerus. A 12-amino-acid stretch, IAVPGCYPTAV, is strongly conserved around the cysteine in all AGPRs (Fig.   5 ), suggesting that this may be the active center of the enzyme.
NADP-dependent oxidoreductases constitute a large collection of enzymes that vary widely in size and substrate specificities. Comparison of the NAD-binding domain of these enzymes indicates that their dinucleotide (ADP)-binding sites have a similar 1-a-,B fold, which forms a pocket to accommodate the coenzyme (29) . The sequences of these binding sites reveal a nearly universally conserved sequence, GXGXXG, which appears at the border between the first ,-sheet strand and the a-helix, allowing the formation of a tight turn (29) . Flavin adenine dinucleotide-containing flavoenzymes have a second 1-a-o3 fold similar to that of the NADP-binding site. Two regions with sequences similar to this motif are conserved in the different argC genes (Fig. 5,  inset) , one near the amino-terminal end (GASGYAG, residues 9 to 15) and the other (GTSGAG) located at residues 175 to 180.
The argC gene complements the arg mutation in S. clavuligerus 328 and restores production of clavulanic acid in this strain. Therefore, ornithine biosynthesis through the initial steps of the arginine pathway is required for clavulanic acid production, confirming earlier observations by Romero et al. (23) , which suggested that the C5 moiety of clavulanic acid is derived from ornithine. The increase in clavulanic acid biosynthesis in clones of S. clavuligerus 328 complemented with the argC gene suggests that, in solid medium, ornithine in the auxotroph is limiting for clavulanic acid biosynthesis. Since the medium was supplemented with arginine to allow growth of the auxotroph, it seems that the ornithine derived from catabolism of arginine is not sufficient to make up for the lack of ornithine formed through the action of AGPR. Further studies are in progress to elucidate the role of argC in clavulanic acid biosynthesis under submerged-culture conditions.
